Uncoupling proteins, members of the mitochondrial carrier family, are present in mitochondrial inner membrane and mediate free fatty acid-activated, purine-nucleotide-inhibited H + re-uptake. Since 1995, it has been shown that the uncoupling protein is present in many higher plants and some microorganisms like non-photosynthetic amoeboid protozoon, Acanthamoeba castellanii and non-fermentative yeast Candida parapsilosis. In mitochondria of these organisms, uncoupling protein activity is revealed not only by stimulation of state 4 respiration by free fatty acids accompanied by decrease in membrane potential (these effects being partially released by ATP and GTP) but mainly by lowering ADP/O ratio during state 3 respiration. Plant and microorganism uncoupling proteins are able to divert very efficiently energy from oxidative phosphorylation, competing for Dm H + with ATP synthase. Functional connection and physiological role of uncoupling protein and alternative oxidase, two main energy-dissipating systems in plant-type mitochondria, are discussed.
like ion and substrate transport. In this way Dm H + performs useful work. However, the proton electrochemical gradient built up by respiration can be dissipated by leak reactions catalyzed by endogenous proton-conductance pathways including mitochondrial uncoupling protein (UCP) [2] . UCP, located in the inner mitochondrial membrane, mediates free fatty acid (FFA)-activated, purine nucleotide-inhibited H + re-uptake.
Plant-type mitochondria (plant and some microorganism mitochondria) contain two energy-dissipating systems: (i) respiratory chain electron carriers that dissipate redox energy instead of building Dm H + , i.e., additional, insensitive to rotenone, external and internal NAD(P)H dehydrogenases and an alternative ubiquinol cyanide-resistant oxidase (AOX) [3] ; and (ii) mentioned above uncoupling protein that dissipates energy contained in the proton electrochemical gradient [4, 5] (Fig. 1 ). Although these two energy-dissipating systems act at two different levels of the overall energy transduction pathway, they lead to the same final effect, i.e., decrease in the ATP synthesis yield.
DISCOVERY OF NON-MAMMALIAN UNCOUPLING PROTEINS
Since its discovery in the late seventies, the first mammalian uncoupling protein called "thermogenin" or BAT UCP (renamed UCP1) has been believed to exist only in the brown adipose tissue (BAT) of mammals, and so, to be a late evolutionary acquisition required especially for transient thermogenesis in newborn, cold-acclimated, and hibernating mammals [6, 7] . Recent discovery of several novel uncoupling proteins in other mammalian tissues (UCP2 in several tissues, UCP3 in BAT and skeletal muscle, UCP4 and UCP5 in brain) showed that uncoupling protein is more widespread in tissues of higher animals than previously believed and could have various physiological roles [8] [9] [10] [11] [12] .
In 1995, the first evidence for the existence of a UCP-like protein in plants (also called PUMP, plant uncoupling mitochondrial protein) was provided by respiration and membrane potential (DY) analysis of isolated potato mitochondria [4] . Furthermore, a 32 kDa protein, named PUMP has been isolated from potato tuber and reconstituted in proteoliposomes revealing FFA-mediated H + transport similar to that described for UCP1 [13] . Uncoupling protein has been subsequently detected immunologically in several climacteric fruits, i.e., those that exhibit a respiratory burst during ripening [14] . The existence of a UCP-like protein in plants was confirmed by the cloning of the first plant UCP cDNA, present in Solanum tuberosum (StUCP), encoding a peptide with high similarity to mammalian uncoupling proteins [15] . Homologous cDNAs from Arabidopsis thaliana (AtUCP1 and AtUCP2) were subsequently cloned, indicating that two different uncoupling proteins exist in this plant [16, 17] . However, no tissue-specific expression of plant UCP is known yet. In 1999, a UCP-like protein from Acanthamoeba castellanii (AcUCP), a non-photosynthetic soil amoeboid protozoon, was identified using antibodies raised against plant UCP and functionally characterized [18] . The presence of UCP in A. castellanii, which in molecular phylogenesis appears on a branch basal to the divergence points of plants, animals, and fungi [19] , allowed hypothesizing that UCPs emerged, as specialized proteins for H + cycling, before the major radiation of phenotypic diversity in eukaryotes, maybe even earlier after acquisition of mitochondria in Eukarya and could occur in the whole eukaryotic world [18] . The first evidence and characterization of a UCP-like protein in fungi kingdom, namely in non-fermentative yeast Candida parapsilosis (CpUCP) [20] , and its suspected presence in malaria parasite Plasmodium berghei [21] seem to confirm this hypothesis.
UCPs AS MEMBERS OF MITOCHONDRIAL CARRIER FAMILY

Structure
UCPs belong to the superfamily of anion carriers of the mitochondrial inner membrane [6] . The alignment of the amino-acid sequences of StUCP and AtUCP in comparison with mammalian UCPs sequences shows that these proteins are significantly similar (41% identity for both with UCP1, and 43% and 46% identity for StUCP and AtUCP with UCP2) [5, 22, 23] . UCPs are around 300-amino acid proteins with a predicted molecular mass of approx. 32 kDa. They exhibit a triplicated structure consisting of three domains of about 100 residues, each containing a signature motif that is also present in other mitochondrial carriers. Moreover, specific sequence motifs of UCPs, including plant UCPs, have been recently found [23] . These UCP signatures are thought to be involved in fatty acid anion binding and translocation. As in all other mitochondrial carriers, the predicted transmembrane topology for plant and mammalian UCPs reveals the existence of six transmembrane a-helices linked by polar loops.
Uncoupling mechanism of UCP
Two mechanisms describing H + re-uptake by UCP and FFA action are still under discussion (Fig. 2 ). In one model UCP is a true H + carrier and fatty acids are not translocated through the membrane. FFA bind to the carrier in such a way that their carboxyl groups serve as H + donors/acceptors to resident carboxyl groups (Asp or Glu). Histidine residues are proposed to be the final H + relay that liberates the proton into the mitochondrial matrix [6, 24] . In the other model, UCP acts as a fatty acid anion carrier, which transports the deprotonated fatty acid from the matrix to the cytosol where it becomes protonated. After protonation, fatty acid crosses the membrane by diffusion resulting in a H + re-uptake by a fatty acid cycling process [25, 26] . Recently, it has been proposed that the mechanism of the uncoupling activity of UCP1 could change according to the absence or presence of fatty acids and also according to FFA concentration. In the absence or presence of small amount of FFA, UCP works mainly as a H + carrier, while with increase in FFA content, it works dominantly as FFA carrier allowing the completion of a protonophoric cycle of fatty acids in the membrane [22] . Whatever is the true mechanism, UCP activity short-circuits the proton gradient generated by the respiratory chain.
Mitochondrial uncoupling by other carriers
Understanding of modulation of size of the proton gradient and the level of coupling of respiration by uncoupling protein is complicated as other members of the mitochondrial carrier family seem to mediate, at least in animal mitochondria, FFA-induced mitochondrial uncoupling [ [18, 20] . Addition of FFA to isolated respiring mitochondria results in mitochondrial uncoupling revealed by an increase in resting (state 4) respiration, a decrease in membrane potential and a decrease in the ADP/O ratio (Fig. 3 ). Further additions of GTP (or ATP), that inhibits UCP, or BSA (fatty acid-free), that adsorbs FFA, cancel FFA-induced respiration and restores DY (Fig. 3A) . In the absence of FFA, coupling of respiring mitochondria, if they are not sufficiently depleted of endogenous FFA during preparation procedure, can be also improved by BSA and purine nucleotides. These effects are attributed to the presence in mitochondrial membrane of UCP similar to the mammalian mitochondrial UCP. In amoeba mitochondria, AcUCP (UCP of A. castellanii) was weakly inhibited by purine nucleotide di-or triphosphates contrarily to CpUCP (UCP of C. parapsilosis) [18, 20] . Sensitivity to these inhibitors seems to vary also within plant species. For instance, significant inhibition was observed in mitochondria of potato tuber, postclimacteric avocado fruit, durum wheat, while weak inhibitory effect was observed in mitochondria of green tomato fruit and preclimacteric avocado fruit [4, 34-36]. As characterised by photoaffinity labelling, pH-sensitive purine nucleotide binding site of potato tuber mitochondria closely corresponds to the UCP of brown adipose tissue mitochondria [37] . In isolated potato mitochondria, interaction of UCP with FFA was also observed using swelling technique. FFA induced H + -dependent purine nucleotide-sensitive mitochondrial swelling in potassium acetate medium in the presence of valinomycin [33] . Furthermore, potato and tomato UCP reconstituted into liposomes also reveal FFA-mediated H + transport similar to that described for UCP1 [13] . The activity of reconstituted protein was also downregulated by purine nucleotides (ATP and GTP). Comparison of respiratory experiments in isolated mitochondria with H + flux measurements in reconstituted systems indicates that the concentration of LA causing a half-maximum effect on respiration (8-10 mM for green tomato fruit and amoeba mitochondria) or on membrane potential (16 mM, for durum wheat mitochondria) is much lower than the apparent K m determined in reconstituted systems (83 mM) [13, 18, 36, 38] .
In tomato, amoeba (A. castellanii) and yeast (C. parapsilosis) mitochondria, a single force-flux relationship was observed for state 4 respiration with increasing concentration of LA or carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) and for state 3 respiration with increasing concentration of oligomycin or carboxyatractyloside (CAT) in the presence of benzohydroxamate (BHAM), an inhibitor of the alternative oxidase [18, 20, 34] . Modulation of the force (DY) either by phosphorylation potential (with inhibitor of ATP synthase), by H + permeability (with FCCP)
or by LA addition leads to the same modification of the flow (respiratory rate) that reaches the same maximal value in the three conditions (Fig. 4) . These observations indicate that LA has a pure protonophoretic effect like the artificial protonophore (FCCP), not acting directly on the activity of the respiratory chain, and that it is able to induce full uncoupling.
Vol. 48 Uncoupling proteins in plants and microorganisms 149 A. Mitochondria of C. parapsilosis (depleted of FFA) were incubated in the presence of 1.5 mM BHAM and 1 mM carboxyatractyloside. Additions: substrate cocktail (5 mM malate, 5 mM succinate, 5 mM pyruvate, and 1 mM NADH), 5 and 10 mM LA, 2 mM GTP, and 0.5% BSA. B. Mitochondria of green tomato fruit (depleted of FFA) were incubated in the presence of 5 mM rotenone and 1.5 mM BHAM, in the absence (solid lines) or presence (dashed lines) of 4 mM LA. Additions: 10 mM succinate, and pulse ADP. For details see [20, 39] .
Although, in tomato, amoeba A. castellanii and yeast C. parapsilosis mitochondria, LA does not stimulate state 3 respiration (which is probably limited by the rate of electron supply by dehydrogenases to the respiratory chain), its uncoupling effect is evidenced by a decrease in ADP/O ratio and respiratory control [18, 20, 34, 38, 39] (Fig.  3B) . LA concentration-dependent decrease in the ADP/O ratio indicates a progressive decrease in oxidative phosphorylation efficiency with increasing LA concentration. Thus, UCP is active during phosphorylating respiration (state 3) and is potentially able to decrease the yield of ATP synthesis, converting the osmotic energy into heat. Mitochondria of A. castellanii were incubated in the presence of 10 mM succinate, 5 mM rotenone, 1.5 mM BHAM, and 170 mM ATP. State 4 (V4) was measured in the presence of 2 mg/mg of protein oligomycin with increasing concentration of carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) or linoleic acid (LA). State 3 (V3) was measured in the presence of 2 mM ADP with increasing concentration of oligomycin. For details see [18] . Contrary to plant mitochondria, in amoeba A. castellanii mitochondria possessing the plant-type branched respiratory chain, the two energy-dissipating systems are not co-regulated through FFA as shown by the insensitivity of GMP-stimulated amoeba AOX activity to LA (Fig. 6) and their cumulative uncoupling effect on ADP/O [18] . This observation does not mean that amoeba UCP and AOX are not co-regulated at all. Indeed, as both energy-dissipating systems lead to the same energetic result that is a decrease in the ATP synthesis, their metabolic usefulness can only be found in different physiological roles, and this point imposes a co-regulation perhaps through GMP/GDP/ GTP ratios [18] .
UCP AND ATP SYNTHASE AS COMPE-TITORS FOR MITOCHONDRIAL
UCP AND AOX AS FREE-ENERGY DISSIPATING SYSTEMS
Physiological role
An obvious physiological function of UCP and AOX can be recognised in specialised plant and animal thermogenic tissues as heat generation related to increase in temperature: in spadices of Vol. 48 Uncoupling proteins in plants and microorganisms 151 Mitochondria were incubated in the presence of 10 mM succinate, 5-15 mM rotenone, and 2-2.5 mg/mg of protein oligomycin. Cyanide-resistant respiration was measured in the presence of 1-1.5 mM cyanide and in the presence of activators of the alternative oxidase: 0.15 mM pyruvate and 1 mM dithiothreitol for tomato mitochondria and 0.6 mM GMP for amoeba A. castellanii mitochondria. Increasing concentrations of LA (0-22 mM) were applied. For details see [18, 46] . . These overloads are consequences of imbalance between the reducing substrate supply and energy and carbon demands for biosynthesis, both being coupled by the respiratory chain activity. As operation of UCP can directly induce a drop in the phosphate potential, and as operation of AOX can directly diminish the rise of the reducing power, providing NAD + to the Krebs cycle and glycolysis, they could theoretically correct the imbalance [51, 56, 57]. One important physiological role of the energy dissipating systems can be related to the cell protection against mitochondrial production of reactive oxygen species (ROS) [27] . First, it has been demonstrated that the plant AOX may prevent formation of ROS by mitochondria at the level of ubiquinol especially when the cytochrome pathway is slowed down [58] [59] [60] [61] [62] . In the case of plant UCP, it was first shown in potato tuber mitochondria, that the inhibition of UCP activity significantly increases mitochondrial hydrogen peroxide generation, while UCP substrates, such as LA, reduce this generation [63] . Furthermore, in durum wheat mitochondria, it was shown that exogenous ROS could increase the effect of LA on the membrane potential [36] . Recently, it has been suggested that in mitochondria of pea stem, isolated from actively growing tissues, two energy dissipating systems, UCP and AOX could accomplish their protective effects against oxidative damage as a function of the type of tissue and the developmental state of the plant [64].
In conclusion, UCP and AOX, two main energy-dissipating systems in mitochondria of plant and some microorganism, appear to have a central role in the balance of cell energy metabolism related to the regulation of ATP production, control of the NADH/NAD + ratio, and limitation of the level of mitochondrial ROS production. Moreover, the presence of both UCP and AOX in the non-photosynthetic ameboid protozoon A. castellanii, which in the molecular phylogenic tree appears on a branch basal to the divergence points of plants, fungi, and animals leads to the following hypothesis. Appearance of intracellular (mitochondrial) oxidative phosphorylation was very soon accompanied by the emergence not only of UCP, a protein carrier specialized in FFA-mediated H + recycling, but also of AOX, an energy-dissipating oxidase that both can modulate the tightness of coupling between respiration and the ATP synthesis, thereby maintaining a balance between energy supply and demand in the cell [18] . 
